lution of the germline variable region repertoire. Somatic mutation and subsequent selection would function best when operating on a substrate that already has high affinity for cognate antigen. In this way the entire germline repertoire of V~ gene segments has presumably been fixed in response to the universe of significant pathogens.
At the same time, three observations support the proposition that antibody V gene segments may not be subject to strong evolutionary pressure. First, mice suppressed for r light chain production and hence able to use only two Vx gene segments nevertheless respond satisfactorily to antigenic challenge (14) . Secondly, the murine VH families contain large numbers of pseudogenes, typically 25-30% (1, 7), indicating that even deleterious mutations can be fixed at a high rate in these genes. Finally, and more persuasively, the rate of nucleotide substitution within germline VH gene segments appears to be very high. For example, Loh et al. (15) compared the sequences of five Npb-related V. gene segments from BALB/c DNA with their C57BL 10 counterparts and were unable to define allelic relationships among these elements, presumably because point mutations and recombination or conversion events had obscured the origin of each individual gene segment such that these sequences could not be separated into pairs clearly sharing a common precursor.
With these thoughts in mind, we sought to examine the forces that modify the germline antibody gene repertoire. The T 15 VH gene family provides an ideal model for this analysis since, in the BALB/c mouse, it includes only four elements, all of which are >88% homologous (16) . One of these elements (V1) encodes virtually all PC-binding heavy chains in BALB/c mice (11) . Because PC is a determinant on a large number of bacterial pathogens (17) , and since antibodies to PC can be shown to protect against in vivo challenge with viable Pneumococcal organisms in mice (18) , there is reason to believe that the V1 gene segment is important in generating an effective immune defense and should therefore be subject to relatively strong environmental selection pressure. A second T15 family member, V3, is a pseudogene (19) and thus, though 89% homologous with V 1, should drift in the absence of significant selection.
To test these conjectures, we have examined the T15 VH gene family in a number of inbred mouse strains and have defined for the first time VH alleles by DNA sequence analysis. That is, we have been able to identify pairs of VH sequences that must have shared a common precursor before the divergence of BALB/c and C57BL/10 mouse strains. Our data reveal that individual VH gene segments within the same V. gene family evolve rapidly and at different rates, and support a model for the generation of the germline antibody repertoire through frequent gene duplication and conversion events.
Materials and Methods
Genomic Blotting. High molecular weight genomic DNA was isolated from liver or sperm of individual mice (The Jackson Laboratory, Bar Harbor, ME) or Lewis rats (maintained at California Institute of Technology) according to the method of Blin and Stafford (20) . Sperm from B10.P mice (C57BL/10 animals congenic for H-2 p) were obtained from Dr. Jeffrey Frelinger (University of North Carolina). 10 ~g of each genomic DNA was completely digested with restriction enzyme (Bethesda Research Laboratories, Gaithersburg, MD) before electrophoresis in 0.7% agarose in TAE buffer (0.04 M Tris acetate, pH 7.5, 0.002 M EDTA) for 14 h at 40 V. Blotting of DNA fragments and hybridization were performed as previously described (! 0). The probe used was pS 107V 1, a pBR322 cDNA clone containing the leader and VH coding region from the BALB/c myeloma S 107 which uses a rearranged V I gene identical to the germline gene segment throughout (16) .
Library Construction. B10.P sperm DNA was partially digested with Mbo I (New England Biolabs, Beverly, MA) (0.1 U/#g for 15 rain) and fragments with an average size of 20 kb were purified by sucrose gradient centrifugation (21) . These inserts were ligated into the Barn HI site of the L47.1 phage vector (22) , packaged in vitro, and plated on KH802 host cells as previously described (10) . Additional libraries were constructed using DNA fragments eluted from low melting point agarose gels (Bethesda Research Laboratories) cloned into L47.1 phage arms.
Library Screening. Libraries containing 106 phage were screened using the pS107V1 plasmid labeled to a specific activity of 108 cpm/ug by nick translation (23) using 3zp_ nucleotide triphosphates (New England Nuclear, Boston, MA). Positive colonies were identified on duplicate filters, picked, rescreened, and grown in liquid culture for later analysis.
DNA Sequence Analysis. Appropriate restriction fragments were ligated into the M13mp8 bacteriophage vector (Collaborative Research, Inc., Lexington, MA) for sequencing using the dideoxy chain termination method (24) with a 12 basepair (bp) primer (Pharmacia-PL Inc., NJ). Clones were obtained using Sau 3a, Alu I, or Rsa I digests and were selected by hybridization to the 32P-labeled S 107 probe. Sequencing was performed using either 3~p_ or 35S-labeled nucleotides (New England Nuclear). Additional 3' flanking region sequencing was performed using a specific oligonucleotide (5'-GGACAGTGCC-ACTTA-3') as primer.
Results

T15 VH Family Has Undergone Recent Deletion and Expansion Events.
Considerable evidence suggests that all mice contain VH sequences homologous to the BALB/c V1 sequence. In particular, a binding site-related idiotype is shared by most murine strains and species (25) , all of which respond to PC, and amino acid sequence data confirms a close relationship for PC-binding heavy chains from BALB/c, C57BL/6, and A/J mouse strains (26) and even for rat PCbinding heavy chains (11) . This relationship can be visualized in Fig. 1 , which shows the T 15 gene family in eight mouse strains representing the major IgCH allotype groups (27) and in Lewis rats as visualized by genomic blotting using a T15 VH probe. The number of elements identified by this probe varies considerably in the different DNA samples. For example, the BALB/c DNA contains four prominently hybridizing Eco RI restriction fragments, representing the four members of the T15 gene family as previously reported (16) , while A/J DNA contains only two of these fragments (corresponding in size to the V 1 and V 13 bands of BALB/c on an Eco RI digest) and the wild mouse DNA appears to contain six strongly hybridizing species. More dramatically, rat DNA contains at least 14 strongly hybridizing bands, representing a series of gene duplications (or deletions in the mouse) that must have occurred during the relatively short evolutionary interval (<10 million years [28] ) separating these two rodent species. Although assignment of allele designations to particular bands on a genomic blot is dangerous (see below), in general the V1 and V 13 bands appear most closely conserved on these blots.
Cloning of the BIO.P T15 VH Gene Family. Initial screening of a B10.P sperm DNA library (which included 10 6 primary recombinants and had been amplified once) with the pS107Vl probe yielded seven examples of phage XVB2.4 and 14 examples of phage ~VB4.4 that contained inserts corresponding, respectively, to the 2.4 and 4.4 kb Barn HI fragments seen in Fig. 1 . Comparison of Sau 3a digests indicated that multiple copies of only two genomic clones had been obtained, probably reflecting selection of these particular phages during amplification of the library. To obtain a more complete representation of the T 15 V. family in B10.P mice, B10.P sperm DNA was completely digested with Bam HI and fragments of average size 6.5 kb were isolated by sucrose gradient centrifugation (21) . A library was then constructed using these fragments and L47.1 phage arms, and 105 phage were screened using the pS107V1 probe. Nine positive clones were identified including seven with a 6.5 kb Barn HI insert (XVB6.5), one with a 4.8 kb Barn HI insert (XVB4.8), and another example of ~VB4.4 that had been obtained previously. Thus, clones corresponding to all four strongly hybridizing Bam HI genomic fragments from B10.P DNA were obtained. Partial restriction maps and sequencing strategies for these four elements are shown in Fig. 2 .
Sequence Analysis of the B IO.P T I 5 Vn Gene Family. The complete VH sequences for the four members of the T15 V. family in BI0.P mice are shown in Fig. 3 beginning 35 bp 5' to the translation start codon, extending through the leader, intervening sequence, V,-coding region, and the 3' canonical rearrangement signals (underlined), and including 51 bp of the 3' flanking regions. Alignment of these sequences was achieved by visual comparison and, although significant gaps must be inserted within the intron and flanking region segments, the V. Table I . By this method, only ~VB2.4 can be identified in that it is clearly more homologous to BALB/c V1 than to any other BALB/c sequence. Both ~VB4.4 and ~VB6.5 were 97% homologous to BALB/ c V11 while ~,VB4.8 was 95% homologous to both V11 and V13 of BALB/c. The levels of homology were thus so similar between these sequences that reliable allele designations cannot be proposed. With the exception of V1, which can be defined by sequence homology, additional criteria are required to unambiguously identify alleles within the T 15 V. gene family. The definition of each allelic pair is outlined below.
VIBIO Gene Segment Encodes PC-binding Heavy Chains from Ig-1 b Allotype
Mice. Defined by nucleotide sequence homology (Table I) these substitutions would lead to amino acid replacements if this gene segment were expressed. Defining VI1 and VI3 Alleles in the TI5 VH Gene Family. The V1 and V3 alleles of B10.P mice were easily identified by close homology with their BALB/c alleles and by the unique structural features of the V3 pseudogene in both mouse strains (see above). The remaining two B10.P coding region sequences were not easily classified as alleles of V 11 or V 13. Table I shows that ~VB4.8 is 95% homologous to both V11 and V13 of BALB/c, while ~VB6.5 is 97% homologous to BALB/c V11 and 95% homolgous to BALB/c V13. Both of these B10.P sequences appear to represent functional Vn-coding regions. Compared with other members of the T 15 V, gene family, ~VB6.5 contains a 2 bp deletion adjoining the heptamer recognition sequence (Fig. 3) , a feature that is also present in BALB/c V11. Comparison of flanking region and intron sequences indicates that ~VB4.8 is most like BALB/c V13 (R. M. Perlmutter, G. Siu, and L. Hood, unpublished data). Based on a unique 2 bp deletion and high overall homology, ~VB6.5 is the B10.P allele of BALB/c V11, while ),VB4.8 can be classified as the V 13 allele because of extensive flanking region homology between these gene segments.
Although the B10.P alleles of all four BALB/c T 15 VH family gene segments have thus been isolated, another homologous band at 2.8 kb is seen on Eco RI genomic blots of B10.P DNA (Fig. 1) . Attempts to clone this additional Eco RI fragment have thus far been unsuccessful. substitutions as have the V3 and V13 gene segments (5, 14, 8 , and 14 for VI, V3, V 11, and V 13, respectively). Discussion The T15 VH gene family in BALB/c mice includes three functional gene segments (V l, V 11, and V 13) and a pseudogene (V3) that are >88% homologous to each other (16) . The V1 gene segment of this family encodes most V. regions of PC-binding antibodies (11) , and these antibodies are protective against infection with PC-bearing bacterial organisms (18) . Thus, we suspect that this gene segment may be subject to considerable environmental selection pressure.
Pattern of Substitutions Among T I 5 V~, Family Alleles.
We have used the T 15 V. gene family to assess how V. gene families change during evolution. In particular we sought to compare the divergence of the V1 element, perhaps subject to significant selection pressure, with that observed in the V3 pseudogene, which should drift in the complete absence of selection since it cannot be transcribed or translated (see below). Because of unique structural features of each of the members of the T15 VH family, we succeeded in fully characterizing V. alleles in two inbred mouse strains, thus enabling a detailed analysis of the diversification of this germline family.
T15 Gene Family Diverged Before the Divergence of Inbred Mouse Strains. Using a probe for the V 1 gene, Southern blots revealed that most mice contain two to four similarly sized, hybridizing Eco RI or Bam HI restriction fragments at high stringency (Fig. 1) . The TI5 gene family, defined in this way, has undergone recent expansion and contraction events within murine species, since A/J mice appear to contain only two elements in the family while Lewis rats have at least 14 hybridizing bands. We chose to examine the V. genes from mice of the Ig-1 b allotype since these likely separated from BALB/c at an early point in the divergence of inbred mice, perhaps one million years ago (28, 31) . It should be noted that evidence derived from the study of mitochondrial DNA suggests that all inbred mice share a common ancestor distinct from typical wild mice (32) . Thus, the time of divergence of inbred mice is uncertain.
BIO.P DNA Contains Alleles for All Elements of the T15 Gene Family.
Using DNA sequence analysis we identified the V1, V3, V11, and V13 alleles in the B10.P Ig-1 b T15 gene family (Figs. 2-5 ). In the case of V1, this analysis was straightforward, since only five nucleotide substitutions separate the BALB/c and B10.P alleles. Similarly, V3 could be easily identified by a characteristic deletion in the 3' rearrangement signals (Fig. 3) , its immediate linkage to V1 (Fig. 5) , and by characteristic leader and 5' flanking elements ( Fig. 3 and see  below) . If we consider only the coding sequences, however, alleles within the T15 gene family cannot be easily distinguished. V11B10 is clearly most homologous to its BALB/c counterpart; however, V13B10 has diverged to such an extent that only consideration of flanking region substitutions enabled confident assignment of this allele. This rapid divergence of germline V. sequences, similar to that observed by Loh et al. (15) in Npb-related VH genes, where the large number of substitutions precluded identification of alleles, reflects the high rate of nucleotide substitution in the T15 V. family. We have analyzed the characteristics of these substitutions in some detail.
V1BIO Encodes Heavy Chains of PC-binding Antibodies in Ig-1 b
Mice. V1B10 is functionally as well as structurally related to V1BALB since it participates in generating antibodies to PC. This is demonstrated in Fig. 4 , which compares protein sequence data from C57BL/10 anti-PC antibodies with the translated gene sequence of ),VB2.4. These protein sequences are identical with the germline ),VB2.4 sequence, indicating that this gene segment is indeed the allele of V 1BALB.
Evolution of the V3 Pseudogene. The sharp decline in homology between V3
and V13 within the leader segment (Fig. 3) defines what we believe to be the breakpoint in a recent gene duplication event that created V3 by homologous but unequal recombination. Since this duplication event would have destroyed the promoter region and the initiation codon of this gene segment, V3 likely was a pseudogene from the time of its creation. Subsequently, a deletion in the 3' rearrangement signals occurred, which is evident in both V3BALB and V3B10, and V3BALB accumulated two additional deleterious mutations after the time that the BALB/c and C57BL/10 chromosomes diverged. It is possible, though we believe less likely, that the deletion in the 3' rearrangement signals of V3 occurred first, rendering it a pseudogene, with subsequent scrambling of the 5' flanking sequences by a large deletion or insertion event. Resolution of these alternative formulations will require isolation of an allelic VH gene with an intact 5' or 3' flanking region.
If we presume that a common murine ancestor contained three members of the T 15 VH gene family (analogous to V 13, V 11, and V 1, and in that order on the chromosome), an unequal crossover event between VII and a sequence 16 kb upstream of V 1 would yield mice with four T 15 VH family members, such as BALB/c and C57BL/10. The reciprocal product of this recombination would contain only V 1 and V 13 gene segments. This is the pattern seen in genomic blots using A/J DNA (Fig. 1) . Examination of sequences upstream of the A/J V1 gene segment could therefore prove informative regarding this proposed gene duplication event.
Elements of the TI5 Gene Family Evolve at Different Rates. Summing over all four coding regions from the B10.P T15 gene family as compared with the analogous BALB/c T15 elements, there are 41 substitutions and one insertion in 1212 bp that were compared, for an overall divergence rate of 3.5%. In those genes which are expressed, the frequency of replacement substitutions is 17 of 27 or 63%, somewhat less than expected given the frequency of synonymous codons in the genetic code, which implies that selection is acting to conserve protein structure. Transitions account for 61% of all substitutions although, on a random basis, transversions should be twice as frequent. This observation suggests that mutations are occurring by a mechanism that is skewed from random.
Using the three-substitution model of Kimura (33), we have calculated the evolutionary rates at each codon position for each allele and for the 72a and 3'2b alleles of the same mouse strains (Table II; 34) . Since BALB/c and C57BL/10 mouse strains diverged quite recently, these rates are equivalent to the number of substitutions divided by the number of codon comparisons (33) . In comparing a variety of mammalian genes, substitution rates are typically highest for the third codon position (reflecting the high frequency of synonymous substitutions at this position) and lowest for the second codon position (33) . As is visible by inspection, the V3 and V 13 elements have fixed substitutions considerably more rapidly than the V1 gene segment. This is especially obvious when the silent substitution rate is considered (all third position substitutions in V 1 and V 13 are silent; Table II) . Considerable evidence supports the use of the silent substitution rate as an evolutionary clock with a value of 5.1 × 10 -9 substitutions per site per year (35) . Using this estimate, the time of divergence of the V 1 alleles corresponds to 0.5 million years, a value in accord with expectation (28, 31) . Similar calculations for the V 13 alleles yield divergence times of about three million years. It should be emphasized that since these rates are calculated using only silent site substitutions, the difference between the V1 and V13 evolutionary rates cannot be explained by selection at the level of mature protein. When the ~,2a and ~,2b constant region alleles from the BALB/c and C57BL/6 strains, encompassing 337 codons, are analyzed, a similar situation obtains (34) . The ~,2a alleles have fixed substitutions seven times more rapidly than the closely homologous and closely linked ~'2b alleles.
Thus, the rates of evolution for these gene segments are very high; these rates vary even for linked elements within the same closely homologous V. gene family; and the pattern of these substitutions is not completely consistent with differences resulting from selection pressure since even silent site substitution rates vary between different alleles.
T15 V,~ Gene Family Substitutions in Detail. The 13 substitutions in the V 1 and V11 alleles are clustered and completely spare the hypervariable regions. Gap analysis (36) of the V3 and V13 alleles also suggests clustering, which perhaps implies that these substitutions arose in groups rather than as solitary events. In all, the hypervariable regions encompass 26 codons (31-37 and 52-71, numbering sequentially) or 25% of the total sequence compared (37) . Of the 17 replacement substitutions in the V 1, V11, and V13 alleles, only one falls within this region. The simplest interpretation of these data is that environmental selection has acted to preserve combining site sequences. This is the opposite result from that obtained by Loh et al. (15) where a predilection for substitutions in the hypervariable regions was observed. These data could be reconciled if comparisons in the NP b family, where specific alleles could not be identified, were made between nonallelic sequences that had been selected for binding site differences. Alternatively, selection may act differently in the NP b family, resulting in increased fixation of sequence differences within the combining site regions.
Gene Conversion in the T15 VH Gene Family. One attractive explanation for the rapid evolutionary rate of V. genes invokes conversion events between homologous sequences (38) (39) (40) . In examining the elements of the T15 VH gene family, sequence substitutions that change a nucleotide present in the same position in more than one family member to a different nucleotide, which is also represented in more than one family member, might easily be explained by conversion events. Considering only the V3, V11, and V13 sequences (which are >92% homologous among all six gene segments), it is unlikely that two alternative nucleotides would each be present in more than one family member at the same position. For any two alleles differing at one position, the probability of two alternative nucleotides at the same position among the remaining four sequences is 1 -(0.92) 4 or ~0.28. Demanding that the substituted nucleotide be the correct substitution of three possible alternative nucleotides decreases the probability to (0.28 × 0.33) or -9%. As shown in Fig. 6, 12 of 36 or 33% of the substitutions in V3, V11, and V 13 fit this very restrictive definition of conversion. Excluded from this analysis are all potential conversion events that might have acted upon a nucleotide previously unique in the family. For example, BALB/c V3 differs from ~,VB4.4 at codon 24 by a G ~ T transversion that might reflect mutation of a progenitor G to a T in BALB/c, or a T -+ G conversion event with either V3 or V11 serving as substrate. Viewed in this way, the majority of the observed substitutions in the T 15 V. gene family might reflect a gene conversion process.
Exchange of sequence segments between nonallelic elements has been invoked to explain the pattern of substitutions in murine y2a and y2b genes (34) and the concerted evolution of immunoglobulin y constant (C) region genes, in general, in mouse (39) and human C~ genes as well (40) . Gene conversion might also explain the clustered pattern of substitutions in the T15 V. gene family since these events have been demonstrated, for example, in the class I genes of the major histocompatibility complex, to involve short oligonucleotides (41) . The highest rates of gene conversion would be anticipated among sequences with the highest levels of homology. In accord with this prediction, the V1 gene that is least homologous to the other family members has the lowest number of substitutions. In addition, the flanking region 5' of the V3 gene segment, which is <35% homologous with other family members and behaves as a single-copy element on genomic blots, is sequence identical between BALB/c and B10.P (R.
M. Perlmutter, unpublished results).
A Comprehensive View of the Germline Antibody Repertoire. By comparing the sequences of the four members of the T15 V. gene family in B10.P mice with their allelic counterparts in BALB/c mice, certain inferences can be derived regarding evolution of antibody genes. First, despite the high rates of somatic mutation in antibody genes and the rapid evolutionary rates for both constant (34, 39) and variable (15) elements of these multigene families, there is considerable evidence for environmental selection of functional sequences. This is manifest in the relatively rapid rate of divergence at codon position two of the V3 pseudogene compared with other family members (Table II) , and in the nearly complete sparing of hypervariable regions among the 17 replacement substitutions that have occurred in functional genes (Fig. 6) . Secondly, the pattern of nucleotide substitutions among members of the T15 V. gene family is quite nonrandom both with respect to type of substitution (transitions are favored) and with respect to placement. The percentage of these substitutions that could be explained by gene conversion events is much higher than expected, although proof of gene conversion, in the sense of blocks of identifiable sequence clearly acquired from a demonstrated source, is lacking.
If gene conversion does indeed underlie many substitutions within the T15 V, gene family, one paradoxical feature of these alterations and of similar conversion events described in class I genes of the H-2 complex (41) is that they act to increase heterogeneity within a gene family by shuffling regions of partial homology between groups of sequences with high overall homology. Gene conversion is proposed to explain the maintenance of homogeneous speciesspecific sequences in reiterated elements (e.g., ribosomal genes, 42). The mechanisms responsible for striking a balance between homogenization and diversification in muitigene families are incompletely understood (43) .
Lastly, we note that the high rate of substitution observed in the T 15 VH gene family is in accord with the extensive and apparently rapid divergence of inbred mouse strains tabulated by Fitch and Atchley (44) . Although our data do not permit determination of the mechanism underlying this rapid divergence, the relatively high rate of synonymous substitutions within this family suggests that some genetic mechanism, perhaps gene conversion, acts to increase the number of substitutions per generation and that these substitutions are then acted upon by selection. The alternative explanation, that selection for heterozygosity has directed the inbreeding of mice (44), seems less likely, based on our data. Additional comparisons within the T 15 V. gene family should aid in interpreting the accelerated divergence of genes in inbred mice.
Summary
The T 15 heavy chain variable region (VH) gene family in BALB/c mice includes four elements each >88% homologous with the other. One of these elements, V1, encodes virtually all of the VH regions in BALB/c antiphosphorylcholine antibodies, while another element, V3, is a pseudogene and cannot be transcribed or translated. We have examined the structural features of this V. gene family in other mouse strains and, in particular, have cloned and sequenced the alleles of these gene segments present in B 10.P mice. Each of the four B 10.P sequences can be matched with its allelic counterpart in BALB/c mice. This represents the first successful analysis of allelism in antibody variable region gene segments. The V1B10.P allele, like its BALB/c counterpart, encodes most of the known phosphorylcholine binding heavy chains from C37BL/6 mice. Similarly, the V3B10.P gene segment is a pseudogene like V3BALB, although only two of four abnormalities present in the BALB/c allele are also present in the B10.P allele. Careful analysis of the specific substitutions observed in the T 15 V~ gene family suggests that environmental selection for functional combining regions contributes significantly to the pattern of variation in the germline antibody repertoire. In addition, evidence is presented supporting frequent gene conversion events in the divergence of antibody genes.
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